Introduction
During the low temperature reduction of iron ore burden in the blast furnace (BF), disintegration proceeds due to crack formation caused by volume expansion through the reduction of hematite to magnetite.
1) The iron burden also receives a series of impacts during descending in the BF. 2) In contrast, the standard method, e.g. ISO 4694-2, for the evaluation of the reduction disintegration index (RDI) is consisted of low temperature reduction with a constant gas composition at a constant temperature followed by a cold strength test after cooling. Hence, there seems to be a significant difference between above two conditions.
From such viewpoints, we applied alternative tests with the addition of impacts and/or loads to the samples during
In-situ Evaluation Method for Crack Generation and Propagation Behaviors of Iron Ore Burden during Low Temperature Reduction by Applying Acoustic Emission Method
Moritoshi MIZUTANI, 1) * Tsunehisa NISHIMURA, 1) Takashi ORIMOTO, 1) Kenichi HIGUCHI, 1) Seiji NOMURA, 1) Koji SAITO 2) and Eiki KASAI 3) 1) Process Research Laboratories, Nippon Steel & Sumitomo Metal Co., Futtsu, Chiba, 293-8511 Japan.
2) Research & Development Bureau, Nippon Steel & Sumitomo Metal Co., Chiba, 293-8511 Japan.
3) Graduate School of Environmental Studies, Tohoku University, Sendai, 980-8579 Japan.
(Received on February 2, 2018 ; accepted on April 25, 2018) In the field of ironmaking, there are few in situ non-destructive techniques for systematically evaluating the reduction behaviors of blast furnace (BF) burden materials. The standard method for the evaluation of the reduction disintegration index (RDI) includes low temperature reduction with a constant gas composition at a constant temperature followed by a cold strength test after cooling. During the reduction of iron ore burden in the BF, reduction disintegration proceeds in the course of increasing temperature through crack generation and propagation caused by volume expansion due to the reduction from hematite to magnetite. Acoustic emission (AE) method is an in situ non-destructive technique to evaluate the crack generation and propagation phenomena in various fields. In this study, we first attempted to apply AE method for a detailed in situ observation of BF burden materials by a combinational experiment of reduction disintegration. In the case of single-particle reduction, it was possible to detect AEs without friction between the sample and the waveguide giving rise to noise. Although a large number of AEs were measured during cooling of both sinter and pellet, the AE energy of the sinter was larger than that of the pellet. Furthermore, a significant number of AEs were also detected during heating of lump ore containing larger amount of combined water indicating possibility to evaluate the decrepitation behavior of such ores.
By the packed bed reduction tests, which could evaluate average properties of iron ore burden, it was found that the AE energy attributed to thermal stress observed during cooling was higher than that to reduction degradation. These results suggest that it will be possible to eliminate the influence of crack generation within the iron ore burdens in the cooling stage by applying the in-situ non-destructive evaluation method developed in this study. It is also expected to apply for the quantitative estimation of the reduction disintegration behavior of burdens in the working BF.
KEY WORDS: blast furnace; reduction disintegration; decrepitation; acoustic emission; frequency band.
reduction. The Linder test is well known as a hot tumbling test during reduction.
3) Jomoto et al. suggested a reduction test with the application of load analogized in the shaft region of the BF. 4) Machida et al. developed a simulator with compression and agitation functions for estimating sinter degradation in the BF. 5) However, each of these methods involves a cooling process, and it is not possible to evaluate crack generation during cooling by thermal stress. Therefore, it is necessary to establish an in situ evaluation method to clarify the mechanism underlying the reduction disintegration behavior under high H 2 conditions. A few studies have reported the in situ observation of the reduction of iron oxide. Kim et al. investigated the crack formation behavior of a sinter during reduction by using synchrotron X-rays, 6) although it was difficult to observe cracks and pores in particles smaller than 100 μm. In addition, the use of a laser microscope 7) is not suitable to detect inner cracks. Furthermore, it is difficult to evaluate the crack formation and propagation behavior of bulk samples of actual sinters, pellets, and lump ores, which show large variations in quality, by X-ray and/or laser microscopy methods.
On the other hand, the Japanese steel industry is responsible for approximately 14% of the total anthropogenic CO 2 emissions 8) and the BF ironmaking process accounts for 70% of this value. 9) For reducing such emissions, attempts have been made to decrease the reducing agents rate (RAR) and to apply the utilization technologies of H 2 . [10] [11] [12] [13] [14] [15] [16] [17] However, the furnace temperature decreases due to the decreasing supply of thermal energy per unit production in the former case and an increased endothermic reaction in the latter case. Both tend to promote the reduction disintegration of sinters, pellets, and lumpy ores by expanding the low-temperature region at around 550°C and it leads to decrease the permeability of the upper part of BF through decreases in particle size and bulk density, resulting in a decrease in productivity. However, disintegration behavior of iron ore agglomerates during H 2 reduction has not been well understood, although there are numerous studies on CO reduction. 1, 2, 18) Therefore, there is still some debate about the influence of H 2 on the reduction disintegration behavior. The authors previously reported that the reduction disintegration behavior under high H 2 atmosphere strongly depends on the reaction mode induced by the reduction conditions, and evaluated the relationship between fine generation and calculated crack area during the reduction of sinters and pellets. 19) However, there is a difference in the reduction conditions between the BF and laboratory tests. The fine generation behavior of lump ores in the actual furnace is affected by thermal decrepitation as well as reduction disintegration behavior. [20] [21] [22] Nevertheless, there are few reports on the quantitative evaluation of the effects of decrepitation and reduction disintegration under a H 2 atmosphere.
Recently, the acoustic emission (AE) method has been applied to analyze the crack formation and fracture process in many kinds of materials in the laboratory. [23] [24] [25] [26] AE refers to the radiation of elastic waves in solids that occur with crack formation and propagation. The AE method is a unique nondestructive tool in that it detects the crack and defect growth in real time. The AE technology was first introduced in the 1950's, following which many studies have been performed. In recent years, the remarkable improvement in computer performance, in terms of processing speed and data storage, has triggered the development of analytical software with various processing abilities. Thus, analysis that was previously considered difficult can be performed in a short time, and hence, AE is attracting attention as a useful measurement technique. Furthermore, with the improvement of measurement technology, the AE method has been extended to applied fields that have not existed before. 26) This has motivated us to perform in situ evaluation of the disintegration behavior of iron ore burden during reduction by using the AE method. Figure 1 shows a schematic of the apparatus for the reduction furnace with the AE measurement system. This furnace has an AE sensor, AE measurement system and computer system for data acquisition and analysis, in addition to the general electrical furnace. In general, it is necessary to attach the sensor directly to the sample during the measurement of AE. 23) However, the Curie temperature (T C ) of the piezoelectric element of lead zirconate titanate (PZT) of the AE sensor is approximately 350°C, and the function of the AE sensor is lost at a temperature higher than onehalf of T C . Thus, an alumina round bar was used as the waveguide to transmit the AE signals. 27) The combinational experiment of reduction disintegration test according to ISO4969-2 and AE measurement was conducted. The chemical compositions of the samples used in this study are listed in Table 1 . The samples were two types of iron ore sinters with different compositions, three types of pellets with different basicities, and two types of lump ores with high and low combined water contents. The samples were sieved to be grain sizes ranging between 10.0 and 15.0 mm before reduction. In this experiment, AE measurements with reduction of single particles and packed beds with a total weight of 500 ± 1 g were carried out. In order to improve the contact between the waveguide and the sample, the upper and lower surfaces of the sample were polished so that the height of the sample was 10 mm for reduction tests of single particles. In the case of packed beds, samples were randomly chosen and charged in the electrical furnace so that the bulk density of the sinter, pellet, lump A, and lump B was at least 1 750, 2 000, 1 750, and 2 750 kg/m 3 , respectively. The sample was heated to 823 K in a N 2 gas stream at a flow rate of 15 NL/min and kept at this temperature for 10 min. The gas was then changed to a CO/CO 2 /H 2 /N 2 mixture with the same flow rate, and the reduction experiment was carried out for 30 min. After that, gas was changed again to N 2 and cooled below 373 K.
Experimental Procedure
At the same time, the AE was measured to evaluate the relationship between reduction disintegration behavior and AE generation behavior. AE waveforms were detected using the AE sensor attached to the waveguide. As a hit definition of AE, a threshold amplitude of 40 dB (77.5 V), rearm time of 400 μs, and duration discrete time of 200 μs were set. The frequency spectra were acquired by fast Fourier transform (FFT). The window function and averaging method were adopted with hamming and root mean square (RMS), respectively. Characteristic AE parameters such as number of counts C, duration time t d , amplitude A, AE energy E, and center of gravity (CoG) of frequency F, 28) as shown in Fig. 2 , were recorded by the AE measurement system. The AE energy is the peak area in the frequency spectrum. The CoG of frequency is correlated with the matrix properties, and the AE energy is correlated with the crack area.
In the case of reduction of packed beds, disintegration tests were conducted for the reduced samples on the basis of ISO 4696-2 using a tumbling drum with an inner diameter of 130 mm at a rotation speed of 30 rpm for 30 min. The sample was then sieved using a 3 mm mesh to determine the proportion of the sample with particle sizes greater than 3 mm. The RDI was then calculated using the following equation: where, m 0 is the weight of the sample after the reduction experiment and m 1 is the weight of the particles larger than 3 mm. Figure 3 shows examples of the AE measurement results obtained during the reduction of each single sample at 773 K, for 3.6 ks with CO gas. Since AE was hardly detected in the blank test, it was confirmed that AE corresponding to noise due to vibration and friction was not detected in this test system. In addition, AE was measured during the low-temperature reduction of the sinter, pellet and lump ores, but the frequency bands were different: sinter, 50-120 kHz; pellet, 80-140 kHz; lump ore A, 75-100 kHz; and lump ore B, 80-120 kHz. On the other hand, a large number of AEs were measured during the cooling of the sinter, and the AE energy of the sinter was higher than that of the pellet. Furthermore, a large number of AEs were detected at the time of the temperature rising of lump ore A with high combined water, and its frequency band at 70-120 kHz was higher than that detected during reduction. It is generally known that iron hydroxide in lump ores is decomposed during heating, and the generated water vapor acts as the force necessary for breaking, which is interpreted as a cause of thermal decrepitation of the lump ore. Thus, it is known that high-density lump ores with high combined water have a high decrepitation index. 20, 22) The test result indicated that this method can be applied not only to the evaluation of iron ore burden for reduction disintegration, but also for the evaluation of thermal decrepitation.
Results and Discussion

Reduction Test with AE Measurement for a Single Sample
In the field of fracture mechanics, a similarity rule (fractal) is established for the development of large and small cracks in substances during destruction. 29) Fractals have also been confirmed in general crack generation behavior associated with earthquakes, and there are many reports on the fracture mechanisms and fractal properties of crack generation. [30] [31] [32] A correlation exists between the fractal properties of crack distribution during rock breaking and the amplitude distribution of AE. 33) From these observations, the amplitude distribution of AE can be expressed by the power-law expression in the following equations: (3) where, A is the amplitude (V) of AE, m is the fractal dimension ( − ), and C is the coefficient.
In the double logarithmic graph, a linear relationship of the slope m is obtained, as in Eq. (3), and higher fractal dimensions imply a wider crack size wider distribution. The fractal dimension is known to increase with high strength and non-uniform materials. Figure 4 shows the AE wave amplitude distribution represented by the double logarithmic graph. This test also revealed a linear relationship for the logarithm of the amplitude distribution. These results suggested that cracks caused by the low-temperature reduction of sinters and pellets have fractal properties similar to those of AE. Figure 5 shows the AE energy and fractal dimension of the sinters, pellets, and lump ores during CO and H 2 reduction. The AE generated in the sinters during reduction had a lower fractal dimension and higher energy than that generated in the pellets. Coarse cracks are known to tend to generate AE with low fractal dimensions and high energy. In addition, the AE generated in the sinters and pellets with H 2 reduction had higher energy and fractal dimension than did that with CO reduction. This suggested the generation and propagation of many large and small cracks with different sizes during H 2 reduction. In a previous study, structural observations of sinters and pellets 18) revealed that the amount of cracks generated during H 2 reduction was larger than that during CO reduction, and that the crack shape was more complex. A similar trend was observed for the crack generation behavior by analogy to the AE generation behavior. Thus, it was suggested that the crack generation mechanism in iron ore agglomerate with low-temperature reduction can be inferred by AE measurements. The fractal dimension of lump B with a low porosity of approximately 10% was the lowest among all the samples used in this study. Since the number and volume of pores suppressing the crack propagation are small in lump B, it is estimated that coarse cracks were easily generated and that the fractal dimension was low. Figure 6 shows the trends of AE counts, C, and AE energy, E , during the reduction disintegration tests. In the case of N 2 keeping (Fig. 6(a) ), fewer AEs than 100 were detected, with low energy values. Conversely, in the case of CO reduction (Fig. 6(b) ), many AEs were detected when switching from N 2 gas to CO gas at 550°C, and the AE energy was more than 100 times higher than that in the case of N 2 keeping. Large numbers of AEs were also detected during the cooling process after CO reduction. Figure 7 shows examples of the AE frequency spectrum generated during CO reduction (Fig. 7(a) ) and during N 2 cooling after reduction (Fig. 7(b) ). It was observed that AEs having a frequency band of about 100 kHz were generated when the iron ore agglomerates were reduced. On the contrary, AEs with frequencies lower than 60 kHz AEs were detected after reduction.
35)
AE Characteristics and Disintegration Behavior of Samples in a Packed Bed
An example of the measurement result of the CoG of frequency of AE generated during the test is shown in Fig.  8 . Three types of AEs having frequency bands in the range 65-95 kHz, higher than 95 kHz, and less than 65 kHz were detected. Since AE in the 65-95 kHz frequency band was detected throughout the experiment, it was estimated that this AE is caused by friction between the sample and the waveguide due to thermal expansion (friction AE). The main AE higher than 95 kHz generated during reduction is defined as "reduction degradation AE" due to volume expansion of the phase caused by the reduction from hematite to magnetite. On the other hand, it is presumed that AE with low frequency in the cooling stage is due to crack formation caused by the thermal stress during cooling (thermal stress AE).
The different frequency bands of AE during reduction and cooling can be attributed to the difference in the crack generation mode. Otsu et al. classified the fracture mode by using the average frequency and the RA value, which is the ratio of the rise time and the maximum amplitude, and reported that the tensile crack is of high frequency and the shear crack is of low frequency. 33) This suggests that tensile cracks are generated by volume expansion during reduction and shear cracks are generated by volume shrinkage during cooling. Figure 9 shows the relation between the AE energy of the reduction degree and thermal stress. Thermal stress is a phenomenon peculiar to laboratory tests and is presumed to not occur for reduction disintegration in the actual furnace, although its energy is higher than that of reduction degradation. In addition, the ratio of the AE energy of thermal stress in the sinters is higher than that in the pellets. These results suggest that the conventional RDI, which measures the strength of the reduced sample after cooling, is affected by crack formation and propagation during cooling. Figure 10 shows the relation between the RDI values of the iron ore sinter and pellet, and the sum of the AE energy due to reaction degradation and thermal stress. It can be confirmed that the increase in AE energy increases the RDI. These results suggest that our developed in-situ evaluation method can be used to quantitatively evaluate the reduction disintegration behavior in accordance with the BF, excluding the influence of cracks generated during the cooling process.
The above results reveal that the AE associated with the friction between the sample and the waveguide corresponding to noise can minimize in single-particle reduction; thus, this method is superior in improving the analysis accuracy of AE and the mechanism elucidation of reduction disintegration. On the other hand, there is a large variation in the quality of sinter and pellets used in BFs. For this reason, reduction tests on packed beds, which can deduce the average sinter properties, are also important.
Conclusion
In this study, an in situ AE method was applied to the evaluation of crack generation and propagation behavior of iron ore burden during low-temperature reduction. A large number of AEs was detected during the reduction of iron ore burden by propagating it using a waveguide. The in situ AE method is expected to be useful for elucidating the mechanism underlying the reduction disintegration behavior of sinters and pellets under a high H 2 atmosphere. Furthermore, it was identified that the characteristic AE parameter quantitatively reflected the reduction disintegration behavior. The results are summarized as follows:
(1) In single-particle reduction, it was possible to detect the AEs without noise corresponding to the friction between the sample and the waveguide. A large number of AEs, which is considered to be caused of the thermal stress were measured in the course of cooling of the sinter. And that AE energy of the sinter was higher than that of the pellet.
(2) A large number of AEs were detected at the time of temperature rising of the lump ore containing high combined water. This result indicates that our method can be applied for the evaluation of the decrepitation of lump ore. (3) It was revealed that the AE generated during the low-temperature reduction of sinters, pellets, and lump ores had fractal properties. The sinters and lump ores had a lower fractal dimension than the pellets, and the sinter with lower fractal dimension produced more coarse cracks than did the pellets. Furthermore, the fractal dimension and AE energy with H 2 reduction were higher than those with CO, and these results reflected the difference in crack generation and propagation behaviors with H 2 and CO reduction.
(4) In the packed bed test, AEs due to friction, reduction degradation, and thermal stress were detected individually in response to their frequency bands. And the frequency band of the AE for the sinter during reduction was lower than that for the pellet. From this viewpoint, the disintegration behavior at each stage of reduction and cooling can be quantified by frequency analysis.
(5) The AE energy due to reaction deterioration and thermal stress was correlated with the RDI values. These results suggest that it will be possible to exclude the influence of cracks generation in the reduced iron ore sinter, pellet and lump ore during cooling stage by applying the in situ evaluation method developed in this study. It is also expected to apply for the quantitatively evaluation of the reduction disintegration behavior of burdens in the working BF.
